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DETERMINING STRESSES IN A PIPE
UNDER NON-UNIFORM EXTERIOR LOADS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priority of PCT Patent Appli-
cation No. PCT/US15/12660, filed on Jan. 23, 2015, which

1s 1ncorporated herein by reference. This application and
PCT Patent Application Serial No. PCT/US2013/072173,

which 1s incorporated herein by reference, are commonly
assigned to Landmark Graphics Corporation.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

Not applicable.

FIELD OF THE DISCLOSURE

The present disclosure generally relates to systems and
methods for determining stresses in pipe under non-uniform
exterior loads. More particularly, the present disclosure
relates to determining stresses 1 pipe under non-uniform
exterior loads to test the pipe design for structural integrity.

BACKGROUND

A natural resource such as o1l or gas residing 1n a
subterrancan formation can be recovered by drnlling a well
into the formation. The subterrancan formation is usually
1solated from other formations using a techmque known as
cementing. In particular, a wellbore 1s typically drnilled down
to the subterranecan formation while circulating a drilling
fluid through the wellbore. After the drilling 1s terminated, a
string of pipe (e.g. casing string) 1s run in the wellbore.
Primary cementing i1s then usually performed whereby a
cement slurry 1s pumped down through the casing string and
into the annulus between the casing string and the wall of the
wellbore or another casing string to allow the cement slurry
to set into an 1impermeable cement column and thereby fill
a portion of the annulus. Sealing the annulus typically occurs
near the end of cementing operations after well completion
fluids, such as spacer fluids and cements, are trapped 1n place
to 1solate these fluids within the annulus from areas outside
the annulus. The annulus 1s conventionally sealed by closing
a valve, energizing a seal, and the like.

In addition to the uniform exterior loads placed on the
casing, non-uniform exterior loads are also placed on the
casing as a result of pressure loading from salt and over-
burden loading 1n horizontal wells, for example. Overburden
and lateral formation pressures cause salt to tlow, closing the
wellbore outside the casing. Because the lateral formation
pressures may not be equal, or because the wellbore 1s not
perfectly circular, the loading from the salt will not, in
general, be uniform. In a horizontal well, overburden loads
may cause the wellbore to deform vertically, contacting the
casing and producing a pressure load.

Conventional well known finite element analysis tech-
niques have been used to test the casing design for structural
integrity when the casing 1s under non-uniform exterior
loads, however, such techniques are complex, time consum-
ing, and may not be appropriate for a general casing design
program. Other, less popular, techniques use the equations of
equilibrium for a shell to test the casing design for structural
integrity when the casing 1s under non-uniform exterior
loads. The loading 1s discontinuous and equal to a positive
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load over an angle 0<0,, where 0, has been determined from
experimental data to be /20 or about 9°. The solution 1s
obtained using the principle of virtual work and the conser-
vative assumption that the radius of the shell 1s equal to outer
radius rather than the average radius. Bending, hoop, and
shear stresses may be obtained from the solution, since
bending moment, circumierential force, and shear force are
determined from the equilibrium equations. Because radial
loads are not considered in this technique, the solution 1s
merely an approximation. Moreover, because this technique
assumes a thin wall radius, it 1s generally unacceptable for
testing the structural integrity of most casing designs.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure 1s described below with references
to the accompanying drawings in which like elements are
referenced with like reference numerals, and in which:

FIG. 1 1s a flow diagram 1illustrating one embodiment of
a method for implementing the present disclosure.

FIG. 2 1s a schematic display illustrating non-uniform
exterior loads on a section of casing caused by salt loading.

FIG. 3 1s a schematic display 1llustrating the non-uniform
exterior loads on the section of casing in FIG. 2, which are
decomposed 1nto two additional schematic displays repre-
senting a unmiform pressure distribution and a non-uniform
pressure distribution.

FIG. 4 15 a block diagram illustrating one embodiment of
a computer system for implementing the present disclosure.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1

The present disclosure overcomes one or more deficien-
cies 1n the prior art by providing systems and methods for
determining stresses 1 pipe under non-uniform exterior
loads to test the pipe design for structural integrity.

In one embodiment, the present disclosure includes a
method for determining stresses in a pipe under non-uniform
exterior loads, which comprises: a) determining coeflicients
in multiple stress equations for the pipe by solving boundary
condition equations using a maximum lateral pressure on the
pipe, a minimum lateral pressure on the pipe, an nside
radius of the pipe and an outside radius of the pipe; b)
solving two of the multiple stress equations that each
represent a radial stress for the pipe, two of the multiple
stress equations that each represent a hoop stress for the
pipe, which are added together to represent a total radial
stress and a total hoop stress, and one of the multiple stress
equations that represents a total shear stress for the pipe
using one or more of the coetlicients, a predetermined pipe
radius and a predetermined pipe angle; and ¢) calculating a
stress intensity for the pipe using a computer processor, the
total radial stress, the total hoop stress, the total shear stress
and a predetermined total axial stress for the pipe.

In another embodiment, the present disclosure includes a
non-transitory program carrier device tangibly carrying
computer executable instructions for determining stresses 1n
a pipe under non-uniform exterior loads, the instructions
being executable to implement: a) determining coeflicients
in multiple stress equations for the pipe by solving boundary
condition equations using a maximum lateral pressure on the
pipe, a minimum lateral pressure on the pipe, an inside
radius of the pipe and an outside radius of the pipe; b)
solving two of the multiple stress equations that each
represent a radial stress for the pipe, two of the multiple
stress equations that each represent a hoop stress for the
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pipe, which are added together to represent a total radial
stress and a total hoop stress, and one of the multiple stress
equations that represents a total shear stress for the pipe
using one or more of the coetlicients, a predetermined pipe
radius and a predetermined pipe angle; and c¢) calculating a
stress intensity for the pipe using the total radial stress, the
total hoop stress, the total shear stress and a predetermined
total axial stress for the pipe.

In yet another embodiment, the present disclosure
includes a non-transitory program carrier device tangibly
carrying computer executable mnstructions for determining
stresses 1n a pipe under non-uniform exterior loads, the
instructions being executable to implement: a) determining
coellicients 1n multiple stress equations for the pipe by
solving boundary condition equations using a maximuim
lateral pressure on the pipe, a mmmimum lateral pressure on
the pipe, an inside radius of the pipe and an outside radius
of the pipe; b) solving the multiple stress equations that
represent a radial stress for the pipe, two of the multiple
stress equations that represent a loop stress for the pipe;
which are added together to represent a total radial stress and
a total hoop stress, and one of the multiple stress equations
that represents a total shear stress for the pipe using one or
more of the coeflicients, a predetermined pipe radius and a
predetermined pipe angle; ¢) calculating a stress intensity for
the pipe using the total radial stress, the total hoop stress, the
total shear stress, and a predetermined total axial stress for
the pipe; and d) repeating steps b)-c) with another prede-
termined pipe radius and another predetermined pipe angle
untill a maximum stress intensity for the pipe 1s calculated.

The subject matter of the present disclosure 1s described
with specificity, however, the description 1tself 1s not
intended to limit the scope of the disclosure. The subject
matter thus, might also be embodied in other ways, to
include different steps or combinations of steps similar to the
ones described herein, in conjunction with other present or
future technologies. Moreover, although the term “step”
may be used herein to describe different elements of meth-
ods employed, the term should not be interpreted as 1mply-
ing any particular order among or between various steps
herein disclosed unless otherwise expressly limited by the
description to a particular order. While the present disclosure
may be applied 1n the o1l and gas industry, 1t 1s not limited
thereto and may also be applied in other industries to achieve
similar results.

Method Description

Referring now to FIG. 1, a flow diagram of one embodi-
ment of a method 100 for implementing the present disclo-
sure 1s 1llustrated. The method 100 approximates non-
uniform exterior loads on a pipe (e.g. casing) and performs
a stress analysis of the pipe to test the pipe design for
structural integrity. Although FIGS. 1-4 are described herein
with reference to casing as an example of pipe under
non-uniform exterior loads caused by salt loading, any other
type of pipe under non-uniform exterior loads may be used
and analyzed 1n the same manner.

Stresses 1 casing due to uniform internal and external
fluid pressure distributions are usually determined by solv-
ing well known Lame’s stress equations 1(a) and 1(b):

5P =p1)  (piri = poty) 1(a)

2 2
(rg —rirs Iz =i

Oyl =
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-continued

riro(po = pi) X (piF? — Pora) 1(b)

2 2
(rg —rir? rg =

Ugl = —

where o, 1s the radial stress as a function of r, Oy, 1s the
hoop stress as a function of r, p, 1s the inside pressure, p_ 1s
the outside pressure, r 1s the radius, 1, 1s the inside radius, and
r_ 1s the outside radius.

A new solution exists for determining stresses in casing
due to a non-uniform exterior pressure distribution that has
a maximum value at 6=0,m and a minimum value at 8=mr/2,
3n/2, which 1s represented by solving stress equations 2(a),

2(b), and 2(c):

21 C3 2(a)
T = (—CD + =3 + E]CGS(QQ)
C3 2(b
Ogy = (C‘g + 2co 1% — ﬁ)ms@@) (b)
B Ci 03y . 2(c)
T = (CD + ) + crr” + ﬁ)sm(ZQ)

where O, 1s the radial stress as a function of r and 0, Oy, 15
the hoop stress as a function of r and 0, T , 1s the shear stress
as a function of r and 0, and c¢,-c; are unknown coetlicients.
By appropriate choice of the coeflicients, a combination of
stress equations 1(a), 1(b) and stress equations 2(a), 2(b),
2(c) provides a complete description of the stresses in the
casing due to internal and external tluid pressure distribu-
tions and a non-umiform exterior pressure distribution
caused by, for example, salt loading.

In FIG. 2, for example, a schematic display 200 1llustrates
non-uniform exterior loads on a section of casing 202 caused
by salt loading 204. These loads include a maximum lateral
pressure P, and a minmimum lateral pressure P, in the
directions indicated. In FIG. 3, the schematic display 300
illustrates the non-uniform exterior loads on the section of
casing in FIG. 2, which are decomposed into two additional
schematic displays representing a uniform pressure distri-
bution 302 and a non-uniform pressure distribution 304 that
correspond to stress equations 1(a), 1(b) and stress equations
2(a), 2(b), and 2(c), respectively.

The boundary conditions for the section of casing 202 1n
FIG. 2 are represented by equations 3(a)-3(e):

3(a)

O, =P F=70,0=0

O, =—p s, F=F,0=T/2 3(b)
o,=—FP,r=r, 3(c)
T,g=U0,7=F; 3(d)
T,g=U,7=F, 3(e)

The boundary conditions represented by equations 3(a)-3(e)
can be solved by first solving for p_ and p, using a known
maximum lateral pressure P,, a known minimum lateral
pressure P, and equations 4(a), 4(b):

P~ Pr+Pp) 4(a)

pi=F; 4(b)

Given p, and p,, the boundary conditions represented by
equations 3(a)-3(e) now decompose mto boundary condi-
tions for stress equations 2(a), 2(b), 2(c), which are repre-
sented by equations 5(a)-5(d):
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O,=—V2(Py—F;),0=0,r=r, 5(a)
0,=0,r=7, 5(b)
T,g=U,7=F; 5(c)
T,g=0,7=F, 5(d)

Referring again to FIG. 1, the method 100 relies on the
foregoing equations to approximate non-uniform exterior
loads on the casing and perform a stress analysis of the pipe
to test the pipe design for structural integrity.

In step 102, formation pressures on the casing are auto-
matically input or they may be manually mput using the
client interface and/or the video interface described further
in reference to FI1G. 4. The formation pressures may include,
for example, a maximum lateral pressure P, and a minimum
lateral pressure P, .

In step 104, predetermined casing parameters are auto-
matically input or they may be manually mput using the
client interface and/or the video interface described further
in reference to FIG. 4. The casing parameters may include,
for example, an inside diameter, an outside diameter, an
axial stress o, and a yield strength o, for the casing. The
inside diameter and outside diameter are easily converted to
an 1nside radius r,; and an outside radius r_ using well known
mathematical principles. The casing vield strength repre-
sents a known stress value at which the casing will demon-
strate failure.

In step 106, coefllicients (1.e. p_, p,;, and c,-C5) 1n stress
equations 1(a), 1(b) and stress equations 2(a), 2(b), 2(c) for
the casing are determined by solving equations 4(a), 4(b)
and equations 5(a)-5(d) using the formation pressures from
step 102, one or more casing parameters from step 104 and
techniques well known 1n the art.

In step 110, a maximum Von Mises stress intensity 1s
calculated for the casing using equation (6):

O\ :v 2 [(Gr_ GB)E + (UB_ Gz)2+(02_ Gr)z] +3T?"82

(6)

to calculate the Von Mises stress intensity for specified
values of r and O (1.e. a point mn the casing) within a
predetermined range for r and 0 (e.g. n<r<ro, 0<0<). The
total radial stress and the total hoop stress 1n equation (6) are
calculated using the coeflicients determined 1n step 106 and
the specified values of r and 0 to solve for the radial stress
and the hoop stress 1n stress equations 1(a), 1(b) and 1n stress
equations 2(a), 2(b), which are added together. The total
axial stress O_ 1n equation (6) 1s taken from step 104 and the
total shear stress 1s taken from the result of equation 2(c)
using the specified values of r and 0 and one or more of the
coellicients. In this manner, the Von Mises stress intensity,
which represents a stress value for the casing, can be
calculated for any point in the casing to determine the
maximum Von Mises stress intensity and whether the casing,
1s near or beyond the point of failure. There are many well
known methods that may be used to determine the values of
r and O that will produce a maximum Von Mises stress
intensity.

In step 112, the method 100 determines 11 the maximum
Von Mises stress mtensity calculated in step 110 1s greater
than or equal to the casing yield strength from step 104. IT
the maximum Von Mises stress intensity 1s greater than or
equal to the casing yield strength, then the method 100
proceeds to step 113. If the maximum Von Mises stress
intensity 1s not greater than or equal to the casing vyield
strength, then the method 100 ends because the structural
integrity of the casing 1s within acceptable limits.
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In step 113, the method 100 determines 1if there are any
new casing parameters to try for determining 1f the maxi-
mum Von Mises stress intensity 1s greater than or equal to

the casing vield strength 1n step 112 based on an independent
evaluation of the available casing parameters. If there are
new casing parameters, then the method 100 proceeds to
step 114. If there are no new casing parameters, then the
method 100 ends because there are no more new casing
parameters that will produce a Von Mises stress intensity
that 1s less than the casing vield strength.

In step 114, new casing parameters are automatically
selected for the inside diameter, the outside diameter and the

yield strength of the casing or they may be manually selected
using the client interface and/or the wvideo interface
described further in reference to FIG. 4. The new casing
parameters are selected based on parameters that may yield
a Von Mises stress mtensity that 1s less than the casing yield

strength.

System Description

The present disclosure may be implemented through a
computer-executable program of instructions, such as pro-
gram modules, generally referred to as software applications
or application programs executed by a computer. The sofit-
ware may include, for example, routines, programs, objects,
components and data structures that perform particular tasks
or implement particular abstract data types. The software
forms an interface to allow a computer to react according to
a source of mput. WellCat™, which 1s a commercial sofit-
ware application marketed by Landmark Graphics Corpo-
ration, may be used as an interface application to implement
the present disclosure. The software may also cooperate with
other code segments to 1nitiate a variety of tasks in response
to data received in conjunction with the source of the
received data. The software may be stored and/or carried on
any variety ol memory such as CD-ROM, magnetic disk,
bubble memory and semiconductor memory (e.g. various
types of RAM or ROM). Furthermore, the software and its
results may be transmitted over a variety of carrier media
such as optical fiber, metallic wire and/or through any of a
variety ol networks, such as the Internet.

Moreover, those skilled in the art will appreciate that the
disclosure may be practiced with a variety of computer-
system configurations, including hand-held devices, multi-
processor systems, microprocessor-based or programmable-
consumer  e¢lectronics,  minicomputers, mainframe
computers, and the like. Any number of computer-systems
and computer networks are acceptable for use with the
present disclosure. The disclosure may be practiced in
distributed-computing environments where tasks are per-
formed by remote-processing devices that are linked through
a communications network. In a distributed-computing envi-
ronment, program modules may be located i both local and
remote computer-storage media including memory storage
devices. The present disclosure may therefore, be 1mple-
mented 1n connection with various hardware, software or a
combination thereot, 1n a computer system or other process-
ing system.

Referring now to FIG. 4, a block diagram 1llustrates one
embodiment of a system for implementing the present
disclosure on a computer. The system includes a computing
unit, sometimes referred to as a computing system, which
contains memory, application programs, a client interface, a
video interface, and a processing unit. The computing unit 1s
only one example of a suitable computing environment and
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1s not intended to suggest any limitation as to the scope of
use or functionality of the disclosure.

The memory primarily stores the application programs,
which may also be described as program modules containing,
computer-executable instructions, executed by the comput-
ing umt for implementing the present disclosure described
herein and illustrated in FIG. 1. The memory therefore,
includes a stress determination module, which enables step
106 described 1n reference to FIG. 1. The stress determina-
tion module may integrate functionality from the remaining,
application programs illustrated in FIG. 4. In particular,
WellCat™ may be used as an interface application to
perform the remaining steps i FIG. 1. Although WellCat™
may be used as interface application, other interface appli-
cations may be used, instead, or the stress determination
module may be used as a stand-alone application.

Although the computing unit 1s shown as having a gen-
cralized memory, the computing umt typically includes a
variety of computer readable media. By way of example,
and not limitation, computer readable media may comprise
computer storage media and communication media. The
computing system memory may include computer storage
media 1n the form of volatile and/or nonvolatile memory
such as a read only memory (ROM) and random access
memory (RAM). A basic iput/output system (BIOS), con-
taining the basic routines that help to transfer information
between elements within the computing unit, such as during,
start-up, 1s typically stored in ROM. The RAM typically
contains data and/or program modules that are immediately
accessible to, and/or presently being operated on, the pro-
cessing unit. By way of example, and not limitation, the
computing unit mcludes an operating system, application
programs, other program modules, and program data.

The components shown in the memory may also be
included in other removable/nonremovable, volatile/non-
volatile computer storage media or they may be imple-
mented i the computing unit through an application pro-
gram 1nterface (“API”) or cloud computing, which may
reside on a separate computing umt connected through a
computer system or network. For example only, a hard disk
drive may read from or write to nonremovable, nonvolatile
magnetic media, a magnetic disk drive may read from or
write to a removable, nonvolatile magnetic disk, and an
optical disk drive may read from or write to a removable,
nonvolatile optical disk such as a CD ROM or other optical
media. Other removable/nonremovable, volatile/nonvolatile
computer storage media that can be used 1n the exemplary
operating environment may include, but are not limited to,
magnetic tape cassettes, flash memory cards, digital versatile
disks, digital video tape, solid state RAM, solid state ROM,
and the like. The drives and their associated computer
storage media discussed above provide storage of computer
readable instructions, data structures, program modules and
other data for the computing unit.

A client may enter commands and mformation into the
computing unit through the client interface, which may be
input devices such as a keyboard and pointing device,
commonly referred to as a mouse, trackball or touch pad.
Input devices may include a microphone, joystick, satellite
dish, scanner, or the like. These and other mput devices are
often connected to the processing unit through the client
interface that 1s coupled to a system bus, but may be
connected by other interface and bus structures, such as a
parallel port or a universal serial bus (USB).

A monitor or other type of display device may be con-
nected to the system bus via an interface, such as a video
interface. A graphical user iterface (“GUI”) may also be
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used with the video interface to receive nstructions from the
client interface and transmit instructions to the processing
unit. In addition to the monitor, computers may also include
other peripheral output devices such as speakers and printer,
which may be connected through an output peripheral
interface.

Although many other internal components of the com-
puting unit are not shown, those of ordinary skill in the art
will appreciate that such components and their interconnec-
tion are well known.

While the present disclosure has been described in con-
nection with presently preferred embodiments, it will be
understood by those skilled 1n the art that 1t 1s not intended
to limit the disclosure to those embodiments. It 1s therefore,
contemplated that various alternative embodiments and
modifications may be made to the disclosed embodiments
without departing from the spirit and scope of the disclosure
defined by the appended claims and equivalents thereof.

The mvention claimed 1s:

1. A method for determining stresses 1n a pipe under
non-uniform exterior loads, which comprises:

a) obtaining, by a processor, non-uniform pressure mea-

surements from within a wellbore;

b) determining, by the processor, coeflicients 1n multiple
stress equations for the pipe by solving boundary
condition equations using a maximum lateral pressure
on the pipe and a minimum lateral pressure on the pipe
calculated from the pressure measurements within the
wellbore, an 1nside radius of the pipe and an outside
radius of the pipe;

¢) solving, by the processor, two of the multiple stress
equations that each represent a radial stress for the pipe,
two of the multiple stress equations that each represent
a hoop stress for the pipe, which are added together to
represent a total radial stress and a total hoop stress, and
one of the multiple stress equations that represents a
total shear stress for the pipe using one or more of the
coellicients, a predetermined pipe radius and a prede-
termined pipe angle;

d) calculating, by the processor, a stress itensity for the
pipe under the non-uniform exterior loads using the
total radial stress, the total hoop stress, the total shear
stress and a predetermined total axial stress for the
pipe; and

¢) mnstalling the pipe within the wellbore when the stress
intensity for the pipe i1s greater than the non-uniform
pressure measurements from within the wellbore.

2. The method of claim 1, wherein the predetermined pipe
radius and the predetermined pipe angle are each within a
respective predetermined range.

3. The method of claim 2, wherein the predetermined
range for the predetermined pipe radius 1s greater than the
inside radius of the pipe and 1s less than the outside radius
of the pipe.

4. The method of claim 3, wherein the predetermined
range for the predetermined pipe angle 1s greater than zero
and 1s less than .

5. The method of claim 4, further comprising repeating
steps ¢)-d) with another predetermined pipe radius and
another predetermined pipe angle until a maximum stress
intensity for the pipe 1s calculated.

6. The method of claim 5, further comprising;:

comparing the maximum stress intensity and a yield
strength for the pipe; and

selecting another inside radius of the pipe, another outside
radius of the pipe an another yield strength for the pipe.

e
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7. The method of claim 1, wherein the two of the multiple
stress equations that represent the radial stress are:

(pirf — pora)

2.2
rirs(po— pi)
Iyl = +

(r2 — e rs — y
( 2(?1 '3 ] (29)
T =|—Co+ —— + — |COS
: y2 y

the two of the multiple stress equations that represent the
hoop stress are:

riri(po — pi)  (pirf — por:)
+ 2

(rZ = r{)r? rg =i

Ogl = —

Ogy = (C.;. + 2051 — %)CDS(ZQ)

and the one of the multiple stress equations that represents
the total shear stress is:

C C
Tyg = (C{] + r—; + Cgi‘"z + %)5111(29)

r, 1s the inside radius, r_ 1s the outside radius, r i1s the
predetermined pipe radius, 0 1s predetermined pipe angle,
and p_, p,, C,-C5 are the coethicients.

8. The method of claim 7, further comprising calculating,
p., and p, using;:

pa:%(PH_l-Ph)

p=F;

wherein p_ 1s an outside pressure on the pipe, p, 1s an nside
pressure on the pipe, P, 1s the maximum lateral pressure on
the pipe and P, 1s the minimum lateral pressure on the pipe.

9. The method of claim 1, wherein the stress itensity 1s
calculated using:

O\ :v e [({}'}_— HB)E + (UB_ Gz)z-l_(gz_ Gr)z] +3T?"82

O, 1s the total radial stress, oy 1s the total hoop stress, O, 1s
the total axial stress and T, 1s the total shear stress.

10. The method of claim 1, further comprising designing
the pipe such that the stress intensity for the pipe 1s greater
than the non-uniform pressure measurements from within
the wellbore.

11. The method of claim 1, wherein one or more of a
maximum lateral pressure on the pipe or a mmimum lateral
pressure are input manually via a client interface or a video
interface.

12. The method of claim 1, wherein one or more of a
maximum lateral pressure on the pipe or a minimum lateral
pressure are mput automatically.

13. A non-transitory program carrier device tangibly car-
rying computer executable instructions for determiming
stresses 10 a pipe under non-uniform exterior loads, the
instructions being executable to implement:

a) obtaining, by a processor, non-uniform pressure mea-

surements from within a wellbore;

b) determiming, by the processor, coeflicients in multiple
stress equations for the pipe by solving boundary
condition equations using a maximum lateral pressure
on the pipe and a mimimum lateral pressure on the pipe
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calculated from the pressure measurements within the
wellbore, an 1nside radius of the pipe and an outside
radius of the pipe;

¢) solving, by the processor, two of the multiple stress
equations that each represent a radial stress for the pipe,
two of the multiple stress equations that each represent
a hoop stress for the pipe, which are added together to
represent a total radial stress and a total hoop stress, and
one of the multiple stress equations that represents a
total shear stress for the pipe using one or more of the
coellicients, a predetermined pipe radius and a prede-
termined pipe angle;

d) calculating, by the processor, a stress itensity for the
pipe under the non-uniform exterior loads using the
total radial stress, the total hoop stress, the total shear
stress and a predetermined total axial stress for the
pipe; and

¢) designing the pipe within the wellbore such that the
stress 1ntensity for the pipe 1s greater than the non-
uniform pressure measurements from within the well-
bore.

14. The program carrier device of claim 13, wherein the
predetermined pipe radius and the predetermined pipe angle
are each within a respective predetermined range.

15. The program carrier device of claim 14, wherein the
predetermined range for the predetermined pipe radius 1s
greater than the inside radius of the pipe and is less than the
outside radius of the pipe.

16. The program carrier device of claim 15, wherein the
predetermined range for the predetermined pipe angle 1s
greater than zero and 1s less than .

17. The program carrier device of claim 16, further
comprising repeating steps ¢)-d) with another predetermined
pipe radius and another predetermined pipe angle until a
maximum stress intensity for the pipe 1s calculated.

18. The program carrier device of claam 17, further
comprising:

comparing the maximum stress intensity and a yield
strength for the pipe; and

selecting another inside radius of the pipe, another outside
radius of the pipe an another yield strength for the pipe.

19. The program carrier device of claim 13, wherein the
two of the multiple stress equations that represent the radial
stress are:

r2r2(po — pi)

2 2
(Pirj _Pﬂro)
Iyl = +

(r2 — r?)rz rs — r?
( 2(?1 C3 ] (29)
T, =|—Cop+ —— + — |COS
g y2 y

the two of the multiple stress equations that represent the
hoop stress are:

r?ri(p, — pi) X (pirf = pora)

2 2
(rg —rirt rg =,

Ugl = —

C
O = (C{] + 2021 — F?)CDS(QQ)

and the one of the multiple stress equations that represents
the total shear stress 1s:

T, = (c.;. + i—; +Car* + ;—?)Siﬂ(ZQ)
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r, 1s the inside radius, r_ 1s the outside radius, r 1s the
predetermined pipe radius, 0 1s predetermined pipe angle,
and p_, p,, C5-C5 are the coethicients.

20. The program carrier device of claim 19, further
comprising calculating p_ and p, using:

P~V PrtFy)

pi=F,

wherein p _ 1s an outside pressure on the pipe, p, 1s an inside
pressure on the pipe, P, 1s the maximum lateral pressure on
the pipe and P, 1s the minimum lateral pressure on the pipe.

21. The program carrier device of claim 13, wherein the
stress 1ntensity i1s calculated using:

O\ :v V2 :(Ur_ UEI)E + (UEI_ Uz)2+(02_ U}")E] -|-3F|:F,1*"El2

O, 1s the total radial stress, Oy the total hoop stress, o_ 1s the
total axial stress and T, 1s the total shear stress.

22. A non-transitory program carrier device tangibly car-
rying computer executable instructions for determiming
stresses 10 a pipe under non-uniform exterior loads, the
instructions being executable to implement:

a) obtaining, by a processor, non-uniform pressure mea-

surements from within a wellbore;

b) determiming, by the processor, coeflicients in multiple
stress equations for the pipe by solving boundary
condition equations using a maximum lateral pressure
on the pipe and a mimimum lateral pressure on the pipe

10
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calculated from the pressure measurements within the
wellbore, an 1nside radius of the pipe and an outside
radius of the pipe;

¢) solving, by the processor, the multiple stress equations
that represent a radial stress for the pipe, two of the
multiple stress equations that represent a loop stress for
the pipe; which are added together to represent a total
radial stress and a total hoop stress, and one of the
multiple stress equations that represents a total shear
stress for the pipe using one or more of the coeflicients,
a predetermined pipe radius and a predetermined pipe
angle;

d) calculating, by the processor, a stress itensity for the
pipe under the non-uniform exterior loads using the
total radial stress, the total hoop stress, the total shear
stress, and a predetermined total axial stress for the
pipe;

¢) repeating, by the processor, steps b)-c) with another
predetermined pipe radius and another predetermined
pipe angle until a maximum stress intensity for the pipe
1s calculated; and

1) designing the pipe within the wellbore such that the
stress 1ntensity for the pipe 1s greater than the non-
uniform pressure measurements from within the well-
bore.

23. The program carrier device of claim 22, wherein the

predetermined pipe radius and the predetermined pipe angle
are each within a respective predetermined range.

G o e = x
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